A miniaturized photoacoustic spectroscopic gas sensor for room climate monitoring is presented with the measurement range of 0 -5000 ppm. The sensor consists of an innovative photoacoustic detection unit with an integrated mobile phone microphone as pressure sensor. As IR-source a broadband thermal emitter is used. The emitter is modulated with 13 Hz at a maximum temperature of about 750°C. An electronic unit with a microcontroller on a 3D-PCB design has been developed. The sensor reaches a resolution better than 50 ppm CO 2 . A detailed characterization of the setup has been carried out. An integrated temperature compensation is realized to improve the sensor performance under varying environmental conditions. The potential for further miniaturization and the realization as a low-cost mass market sensor is shown.
Introduction
The monitoring of indoor air quality in buildings or vehicles is of high importance with the target to maintain improved room climate conditions. Especially in open-plan offices and class rooms, there are a lot of persons within a small area which results in a rapid deterioration of indoor air quality. The CO 2 concentration is next to humidity and temperature the main indicator for interior air quality and correlates with the number of persons inside.
Increased CO 2 levels indoors cause perceptions of poor air quality, impaired work performance and can even lead to acute health symptoms. This case requires controlled adequate rates of air-ventilation. Therefore a selective, low-cost sensor for CO 2 is needed to maintain healthy room climate conditions. This leads to reduced energy consumption by means of non-continuous adequate ventilation rates. Due to these facts there is a high demand for low-cost, small and energy-efficient gas measuring systems for real-time and selective CO 2 measurements in interior air quality monitoring applications. CO 2 as strong IR-active molecule is measured with so called NDIR-spectroscopic sensors. These sensors are often inadequate in size and underlie high manufacturing costs. These sensors typically consist of an IR-source, a measurement path and a detector. Due to the type of IR-detector, an additional interference IR-filter is used to receive improved gas selectivity.
We propose to use a miniaturized photoacoustic sensor to monitor indoor CO 2 levels. The photoacoustic effect describes the formation of an acoustic wave in a gas sample due to the absorption of photons [1] . CO 2 absorbs photons in the middle infrared range. If a time-modulated IR source is used, the acoustic wave can be measured as time modulated pressure wave in a closed volume [2] . The working principle and theoretical background of the effect are discussed in [3] in detail.
The system has a temperature sensing unit which allows to monitor environmental temperature. The performance of NDIR-sensors is typically strongly affected by variations of the environmental temperature. We have realized an integrated temperature processing unit to compensate the temperature drift.
Theory of the photoacoustic signal
Basis for selective infrared radiation absorption is a temporal changing dipole moment of an infrared-active gas. Especially CO 2 is a strong IR-active gas and absorbs at characteristic wavelengths (main absorption range around 4.25 μm). The absorption effect of infrared radiation and its dependence on absorption length, gas concentration and environmental conditions is described by Lambert-Beer-Law [4] . If the electromagnetic radiation energy equates to the energy difference of nearby energy levels of the molecule, this results in a state transition. The initial state of the molecule is changed to an excited state by stimulation through absorption. Infrared radiation photons cause IRactive molecules to vibrate and rotate at molecule specific wavelengths, which can be seen as absorption lines of the specific molecule. Inelastic collisions between excited molecules and non-excited ones result in a change of radiation energy into kinetic energy. Increased kinetic energy causes a temperature difference and a gas expansion and thus a pressure difference in a closed volume. The total absorbed power P total is given by the integral of the multiplication of the absorption profile A(λ) by the emission power profile of the emitter P emitter (λ). The absorption profile can be calculated from the transmission profile T(λ) as follows:
For further calculations we assume ideal gas behavior and no secondary heating loss mechanisms. These assumptions mean that the total of the absorbed power is inserted as intrinsic power of the gas and can be directly calculated:
Total absorbed power is stored as thermal energy Q inside the ideal gas volume. By means of a modulation frequency f = 13 Hz and a rectangular modulation function with duty cycle v = 0.5 thermal energy is described in the following equation:
The quotient of stored thermal energy Q and gas specific thermal capacity C V results in the temperature difference ΔT:
Using the ideal gas law allows to determine the pressure difference Δp:
The described pressure difference can be measured with a dynamic pressure sensor in the closed gas volume. Its amplitude is a qualitative measure of the absorbed radiation intensity and the absorbing gas concentration. Conventional absorption spectroscopy is based on excitation by electromagnetic radiation with intensity I 0 and the measurement of reflected or transmitted light intensity I [5] . Photoacoustic sensors measure the absorbed light directly [6] .
We use the described effect in a 2-chamber sensor setup to realize real-time measurements. The working principle can be seen in Figure 1 . A hermetically sealed detection chamber with enclosed target gas and an integrated microphone is used. In this detection chamber a maximum photoacoustic signal is measured, if there is no absorption on the previous measurement path. If there is a high amount of target gas on this measurement path, the measured photoacoustic signal in the detection chamber is reduced. Figure 1 : Working principle of the photoacoustic 2-chamber setup. Without target gas on the absorption path there is a maximum photoacoustic signal in the detection chamber (upper picture), while the signal is reduced with target gas on the measurement path (below).
Experimental
In the following the sensor setup is described. The sensor consists of three main components: IR-source, detection unit and the functional sensor housing that provides the measuring path and integrates all electronic parts. As IR-source we use a broadband emitter (IR-50S, HawkEye) in a TO-5 case. The innovative photoacoustic detection unit has an integrated mobile phone microphone (SMM310, Infineon Technologies) as pressure sensor. It is hermetically sealed with nearly 100% target gas concentration (CO 2 ) in a TO-housing and serves as gas selective detector. The functional sensor housing is designed with a microcontroller on a 3D-PCB design. All control functions like the control of the active components (emitter, detector) or the peripheral communication (UART) are implemented in the microcontroller. Furthermore the complete data processing is realized digitally in the microcontroller. A temperature sensor monitors the environmental temperature and a temperature compensation algorithm is developed. The DC-conversion of the detected AC pressure signal is done with a digitally implemented lock-in amplifier. Figure 2 a) shows the developed photoacoustic sensor setup. Figure 2 b) shows the sensor in the measurement setup for the sensor characterization process. This setup consists of a gas test chamber with gas periphery and electrical connections to distribute defined gas concentrations to the sensor at a calibrated gas test stand.
a) b)
Figure 2: (a) picture of an assembled sensor; (b) shows an integrated sensor in an open characterization setup (1, 4) for gas test measurements with electrical (2) and gas (3) peripheral connections..
Measurement results
The setup of Figure 2 b ) is used to execute a detailed characterization process. The results are discussed in this chapter. Figure 3 shows a measurement from 200 -1000 ppm CO 2 in N 2 in steps of 100 ppm. The sensor detects the concentration steps clearly. The sensor shows a stable zero CO 2 baseline and the resolution is better than 100 ppm. The sensor signal shows a strong dependence on changes of environmental temperature. Due to this fact we developed a compensation strategy for variations of surrounding environmental temperature. We measure the temperature with a Pt10.000 sensor and compensate the temperature dependency of the output signal internally in the microcontroller (Figure 4) . The forced temperature increase is done inside a climate chamber. The upper graph (green curve) in Figure 4 shows the change of the environmental temperature from 28.5°C to 37°C. The middle graph (black curve) shows the output signal of the sensor without the compensation algorithm. The red line shows the compensated sensor response with eliminated temperature dependency. Furthermore a calibration process is done and verified ( Figure 5 ). The sensor system has been characterized and the sensor response has been approximated linearly over a certain measurement range (0-5000 ppm). With this measurement range the sensor can be used as indoor air quality monitoring system. A test measurement with the calibrated sensor is shown in Figure 5 . The red curve indicates the gas concentration which is delivered by the gas test stand, while the blue curve represents the sensor output. The sensor shows only slight deviation between the two curves. The deviation is smaller than the resolution of the sensor, which has been approved as about 50 ppm.
Conclusion and Outlook
We present an innovative miniaturized selective photoacoustic CO 2 sensor in non-resonant mode. The sensor consists of an IR-emitter, a selective CO 2 detection chamber and a functional sensor housing with a microcontroller as electronic control unit. The resolution of the sensor is better than 50 ppm. A digital temperature compensation algorithm is realized with a Pt10.000 sensor, monitoring the environmental temperature. A calibration is done with a linear approximation of the measurement range of 0-5000 ppm.
In further characterization measurements the cross-sensitivities to other gases and the influence of further environmental condition changes (static pressure, humidity) will be investigated.
